The need for a computationally efficient yet physically realistic water model for molecular simulation is longstanding. To account for intermolecular interactions with other molecules, for example the hydration of biomolecules, the model has to be able to adapt itself to different environments. To this end, a number of water models have been proposed that incorporate polarizability with varying degrees of success. We have developed new water models, flexible as well as rigid, on the basis of the shell concept, with three atoms and an extra particle representing the electronic degrees of freedom. This particle is coupled to a dummy position on the bisector of the molecule by a harmonic spring. We named the models SW, or shell water models. To account for anisotropic polarization, the spring force on the shell particle has been modified to depend on the displacement of the shell particle in the molecular coordinate frame. The model is constructed so as to reproduce the vacuum dipole and quadrupole, and the spring constants are chosen such that the polarizability, be it isotropic or anisotropic, is consistent with experimental data. Then the Lennard-Jones parameters are optimized to reproduce the liquid energy and density. The model is evaluated by checking liquid-and gas-phase properties, and the influences of anisotropy and flexibility are discussed.
Introduction
Water has been called "the lubricant of life" because of its proposed role in mediating extremely fast conformational fluctuations in peptides. 1 The picosecond time scale of such motions as detected by Raman optical activity 2 makes them tractable for further study using molecular dynamics (MD) simulation, and similar fast fluctuations in peptide backbone conformation have indeed been found in MD simulations of short peptides. 3 However, the accuracy of modeling waterpeptide interactions is still a matter of concern, and it has even been questioned whether computer simulations of water contain any predictive power at all. 4 In a previous study on solvated peptides where several water models and peptide force fields were compared, 5 we found that with the extended simple point charge water model (SPC/E 6 ) most of the experimental NMR data on these peptides 7 could be reproduced. However, in some of the simulations the built-in polarization correction of the SPC/E model makes it too hydrophilic, an effect which has also been observed in interface simulations. 8 From these observation we can conclude that the SPC/E is not the ideal water model for solvation studies. For the bulk solvent it is an excellent model, which is demonstrated by the fact that many of the bulk properties are reproduced in computer simulations of SPC/E water. [9] [10] [11] It is now well established that in order to treat solvation reliably it is necessary to include polarizability in the potential energy function. An example of such a model is the modified simple point charge model (SPC 12 ), where an isotropic point polarizability was added to the oxygen atom. 13 In this model the charges on the atomic sites were chosen so as to reproduce the vacuum dipole. The model was able to capture some of the properties of water like rotational correlation times, but overall it was not better than SPC/E for bulk water. Subsequently, other models were proposed on the the basis of the same principles of three charged sites and a point polarizability. [14] [15] [16] [17] [18] [19] [20] [21] These models are a genuine improvement on the older models because the Lennard-Jones parameters as well as the charges have been optimized to reproduce critical observables.
One particularly successful water model, the fluctuating charge (FQ) model of Berne and co-workers, 22 is of quite another nature. In this model the charges on the atoms fluctuate in response to the local electric field under the constraint of neutrality. The model has an important conceptual deficiency, however, in that it cannot change its polarization out of the plane of the molecule because the charges are confined to the atomic positions. This contrasts the fact that the polarizability of water is nearly isotropic, i.e., the same in all directions. Despite this, the overall quality of the model, which is its ability to reproduce properties in agreement with experimental observations, is remarkable. The FQ methodology has recently also been applied to amino acids solvated in water. 23 In that work, the OPLS potential function 24 was used for the peptide, and the charges were allowed to fluctuate in the peptide as well as the water molecules. For a FQ model of (planar) aromatic compounds it turned out to be necessary to add fluctuating dipoles, to reproduce the out of plane polarizability. 25 Our aim is to make a phase transferable water model, like we have done successfully for the N 2 molecule. 26 The strategy is to first get the single molecule right and then the dimer and trimer in an approximate fashion. Since bulk properties are generally much more accurate than gas-phase properties, the model is fine-tuned for liquid water. After optimization of the parameters the vapor (water clusters) is used as a test case. Like in the N 2 study we have used a shell model. The shell model has a number of advantages over point polarizabilities which makes it attractive in our opinion. First, the equations are simpler and, therefore, computationally cheaper to evaluate than the ones corresponding to point polarizability, especially when one considers grid-based long-range electrostatics methods. [27] [28] [29] Second, the model corresponds to an intuitive physical picture, that of the electron distribution which shifts in response to an electric field. Finally, when a small Lennard-Jones term is added to the interaction between shell particles and positive charges, the shell model is not affected by the so-called polarizability catastrophe, in which two neighboring polarizabilities polarize one another to become infinitely large.
In this work, we describe new flexible and rigid shell models for water and compare the results of extensive molecular dynamics simulations with these models to simulations employing an earlier shell model by De Leeuw and Parker. 30 Finally, we compare our results with those of several recent polarizable water models taken from the literature.
Model and Computational Details Subsection

Shell-Model Potential.
The water model is constructed using the three atoms in the experimental geometry plus a shell particle, representing the electronic degrees of freedom, connected by a spring to a dummy particle located on the bisector of the molecule (Figure 1 ). Note that the shell particle in this context is not identical to what traditionally has been used in shell models of e.g. ions; such models usually consist of a nucleus and a shell particle which in a vacuum is located on the nucleus. 31 In our model the shell particle is not directly connected to one of the nuclei, but for simplicity we stick with the terminology. By adjusting the charges and the position of the shell particle on the bisector, one can account for the vacuum dipole and quadrupole simultaneously. 32 Polarizability is modeled by allowing the shell particle to move relative to the dummy particle in the field of the surrounding particles, but there is no explicit intramolecular electrostatic interaction like in the LP model. 30 Construction of the dummy particle position and distribution of the force on the dummy particle to the atoms is performed according to ref. 33 .
The shell particle is coupled to the dummy particle by either a harmonic spring, yielding isotropic polarizability, or a spring with direction-dependent force constants, yielding anisotropic polarizability. In the first case the force constant k can be related to the polarizability R by writing a balance of forces on the shell particle where E is the electric field and r sd ) r s -r d is the vector connecting the shell particle and the dummy particle, combined with where µ ind is the induced dipole, yielding the following:
In general R is a tensor but for water the only experimentally determined components are those on the diagonal, (R xx , R yy , R zz ), where the coordinate axes are in the molecular frame in which the bisector is on the z axis and the hydrogens are in the yz plane. These terms can be related to three spring constants k xx , k yy , and k zz , respectively, governing motion of the shell particle in each of the respective directions:
Here nn is either one of xx, yy, or zz. In the isotropic case we have taken R to be the average of the three diagonal components of the polarizability tensor. The experimental data are listed in Table 1 , and the charges, dummy particle position, and spring constants in Table 2 .
When molecular dynamics simulations are performed, the shell particles can be treated in two distinct ways. The most rigorous method is by performing an energy minimization of the shell particle positions at every time step, to ensure that the force on every shell particle is zero. This algorithm enforces the physical fact that the system is always in the ground state with respect to the electronic degrees of freedom. Since it is very time-consuming, two alternatives have been used: prediction and minimization at every Nth step only 13 (typically N ) 5); giving the shell particle a small mass (typically 0.2 au) and not minimize it at all. 34, 35 In this work we have used the most rigorous way of minimization at every step in order to avoid artifacts due to such approximations.
2.2. Parametrization. After determining the charges and spring constants corresponding to the polarizabilities (Table 2) , we have to describe the repulsion and dispersion interactions. Popular choices for these interactions are the Lennard-Jones or Buckingham potentials. We have chosen to use the LennardJones 6-12 representation because it is computationally more efficient, because it has fewer parameters, and because the Buckingham potential has a singularity at zero distance which can be problematic when minimizing shell particle positions. In principle one can define up to four atom types in our water model, oxygen (O), hydrogen (H), shell (S), and dummy (D). However, it is advantageous to exclude the dummy particle since the number of interaction sites is reduced from 5 to 4 and the number of interactions is reduced by the square of that ratio, a factor of 1.56. With three particle types left (oxygen, hydrogen, shell) the number of parameters can at most be 12 when a full parameter matrix is used. Ideally, one wants to use as few 
parameters as possible and to use combination rules to calculate the interaction parameters between different atoms. With some trial and error we found an initial set of parameters that gave reasonable energy and conformations for both the water dimer and the water trimer, as compared to experimental data 36 and ab initio calculations. 37, 38 The main Lennard-Jones interaction is between the oxygen atoms, but we were not able to get dimer properties in agreement with experimental data without invoking Lennard-Jones interactions between the shell particle and the hydrogen atom and between the hydrogen atoms. The latter in particular was essential to get the orientation of the molecules in the dimer correct. We also added a small Lennard-Jones well to the O-S interaction to avoid the singularity in the Coulomb potential at zero distance. This initial parameter set (Table 3) was then subject to parameter coupling simulation 39,40 which we described in detail in our previous work. 11 We kept the initial C 6 parameter for all interactions; together they are roughly equivalent to the dispersion (C 6 ) term in other water models such as SPC. 12 The C 12 parameters for the S-H and the O-O interactions were optimized in parameter coupling simulations of 250 ps. The force field parameters were coupled to the pressure and heat of vaporization ∆H vap as we did in our previous work. 11 ∆H vap can be computed according to 41 where E i represents the intermolecular energy of the system (which is kT in the gas phase). Since we have pure harmonic potentials for bond stretching and angle bending, the intramolecular energy E intra (g) ) 3 / 2 kT, such that
For the rigid models the intramolecular energy is zero by definition such that
The target E pot for parameter optimization hence was -41.7 kJ/mol for the rigid models 42 and -37.96 kJ/mol for the flexible models at T ) 300 K. In case of nonharmonic intramolecular potentials, the gas-phase intramolecular energy can be determined by a separate gas-phase simulation. 43 Optimized parameter sets were determined for flexible and rigid models, each with either anisotropic (AI) or isotropic (ISO) polarizability. We named the models SW-FLEX-AI, SW-FLEX-ISO, SW-RIGID-AI, and SW-RIGID-ISO, respectively. The contraints in the rigid model were handled by the SETTLE algorithm. 44 A cutoff r c of 0.9 nm for the Lennard-Jones interactions was combined with the particle mesh Ewald algorithm 28 for Coulomb interactions. Long-range dispersion corrections 45 were used in all parametrization and production simulations. The resulting parameter set consists of four different Lennard-Jones interactions, summarized in Tables 3 and 4. 2.3. Simulation Details. Production simulations were run with 820 water molecules in cubic boxes. Minimization of the shell particle positions was performed at each time step of 0.5 fs (flexible) or 1 fs (rigid), with an average of 5 (flexible) to 6 (rigid) force evaluations/time step. A further production run was performed with the LP model. 30 This simulation utilized a time step of 0.2 fs without minimization of the shell particle positions and was 1.3 ns long. The PME method was used here as well. From each simulation the first 50 ps was disregarded as equilibration. The total length of the production simulations are given in Table 5 . In all liquid simulations the temperature was controlled by the weak coupling algorithm 46 with τ T ) 0.1 ps and T 0 ) 300 K. The pressure was controlled in the same manner with τ P ) 5 ps and P 0 ) 1 bar. All production and parametrization simulations as well as simulation analyses were performed with the GROMACS package. 47, 48 
Results
In the following section we describe the results of production simulations of liquid water with our new SW potentials as well as the LP model and of small water clusters for which either experimental data or accurate ab initio calculations are available. In the SW liquid simulations equilibration was monitored by plotting potential energy and density (data not shown). After 50 ps these curves for the SW potentials had leveled off, and the remaining parts of the simulations were used for analysis. Of the LP simulation we used the interval from 50 to 1000 ps for comparison with the SW simulations (but see details below).
3.1. Thermodynamic Properties. The potential energy E pot and the density F at 300 K are reproduced very well in the new SW models (see Table 5 ). The average pressure is close to one in all simulations, but the fluctuations are larger than for nonpolarizable models simulated with a cutoff or a reaction field. 11 It is not clear whether the difference is due to the PME algorithm, to the polarizability, or to the intramolecular flexibility although the fluctuations are slightly lower for the rigid models than for the flexible ones. Energy and density fluctuations are comparable to nonpolarizable potentials. In conclusion this means that the SW models reproduce the observables they were fit to in unrestrained simulations. Figure 2 for SW-FLEX-AI and SW-RIGID-AI. The g OO (r) for the isotropic models were nearly identical to those of anisotropic models and were left out for clarity. Both g OO have a broad first maximum at 0.29 nm; the second (at 0.53 nm) and third (at 0.7 nm) peaks are not very pronounced. In comparison with experiment, 49,50 the SW potentials have higher first peaks at larger distances.
Liquid Structure. The O-O radial distribution function g OO (r) is plotted in
To get an indication of the range of dipole-dipole correlation effects we have plotted the distance dependent dipole -dipole correlation for the SW-PME-AI model, defined as where θ is the angle between the dipoles of water molecules at oxygen-oxygen distance r (Figure 3 ). This function is related 1 × 10 h OO (r) ) 3g OO (r) 〈cos θ〉 (8) to the possibly more familiar distance-dependent Kirkwood factor G k (r) 51 by 52 where µ i and µ j are the dipole vectors of water molecules. It can be seen that h OO (r) converges to 0 slower than the g OO (r) goes to 1, indicating that the orientational correlation in the liquid is considerably longer than what is evident from the RDF, as was observed previously. 11, 53 The difference between flexible and rigid models is very small, the peaks move inward slightly (0.002 nm) in the rigid models, but the heights of the peaks are virtually identical. 3.3. Water Dynamics. Diffusion constants D were calculated from the mean square displacement (MSD) of oxygen atoms through the Einstein relation. 45 The first 100 ps of the MSD was discarded, and D was determined from a fit to a straight line of the remainder of the MSD plots. The results are listed in Table 5 . The flexible models yield 10% higher diffusion constant than the rigid ones for both isotropic and anisotropic models. All values are too high compared to the experimental value of 2.3. 54,55
Equilibrium Geometry and Induced Dipole Moments.
With a flexible model it is possible to analyze the average geometry of water in the condensed phase. We find that the average OH bond length is 0.0968 ( 0.0024 nm in both the SW-FLEX simulations, 1.1% longer than the gas-phase value of 0.095 72 nm. The average HOH angle is 102.7 ( 0.1°, roughly 1.7% smaller than the gas-phase value of 104.52°. The average dipoles of the SW water molecules are 2.69 (FLEX-AI), 2.68 (FLEX-ISO), and 2.61 (RIGID-AI and RIGID-ISO). Clearly, the flexible models are more polarizable because bondstretching as well as reduction of the angle leads to a larger dipole. The distribution of dipole moments (Figure 4 The polarization of the flexible model is thus clearly different from the rigid, with higher average dipole and wider distribution. We have also determined the angular distribution of induced dipoles. The mean angle between the permanent and the induced dipole is roughly 12°in all SW simulations, considerably lower than previous estimates from polarizable water models, 13, 18 which were around 20°.
3.5. Dielectric Properties. The dielectric constant of liquid water can be determined from the fluctuations in the total dipole T (K), E pot (kJ mol -1 5 cm 2 s -1 ) where 0 is the permittivity of vacuum, V is the volume, and k B is Boltzmann's constant. Since we assume conducting boundary conditions rf ) ∞, and eq 10 reduces to
The results are plotted in Figure 5 for FLEX-AI and RIGID-AI and listed for all simulations in Table 5 . In general the average dipole 〈M〉 should converge to zero, but this may require very long simulation times, up to 1 order of magnitude longer than we have done here. 57 The error in the dielectric constant was estimated by cutting the trajectories in bits of roughly 300 ps and computing the standard deviation of the dielectric constants obtained from these bits. For the SW models the standard deviations were between 8% and 15%, whereas it was 18% for the LP model. The resulting errors are given in Table 5 .
3.6. Water Clusters. 3.6.1. Water Dimer. The energy and geometry of the water dimer are summarized in Table 6 . Besides the experimental data, we give numbers for several popular water models such as TIP4P, 58 SPC/E, 6 the flexible model of Ferguson, 43 and the shell model of de Leeuw and Parker (LP). 30 The computed O-O distance, the minimum energy of the SW models, and the geometry are all within the experimental error margins, and the dipole is very close to the ab initio value. The nonpolarizable models TIP4P, SPC/E, and Ferguson do not behave as well in the gas phase, which is to be expected as the these models are parametrized for reproducing liquid water properties rather than cluster properties.
Water Trimer and Tetramer.
To further test our newly developed SW potentials, we have calculated the minimum energy, total dipole, and average nearest-neighbor O-O distance R OO for clusters of three and four water molecules ( Table 7) . The SW trimers are very good; the r OO matches the experimental distance, 59 while the energy and dipole are almost identical to ab initio results. 38, 60 However since the ab initio r OO does not agree with the experimental value, it is not possible to determine how accurate the energy and dipole are. In case of the tetramer the SW models all have too large r OO as compared to experiment 61 and, somewhat surprising, even larger r OO than in the trimer. The energy is higher than the ab initio results, and in all cases, the total dipole is not equal to zero which means that the system is not symmetric. For comparison we also give values for the previously mentioned water models. As expected, the nonpolarizable models yield very short O-O distances. The TIP4P model 58 is clearly better than the other models and in good agreement with ab initio calculations. 60 Like in the trimer, the ab initio r OO does not agree very well with the experimental value, and therefore, the reliability of the ab initio results from the literature remains unclear.
3.7. Simulation with the LP Potential. To compare our new models with a published shell model, we performed a simulation of 820 molecules using the model of De Leeuw and Parker. 30 In this simulation the energy decreased constantly ( Figure 6A ) -1 3 while the density increased ( Figure 6B ). After 1000 ps something akin to a phase change occurred: a sudden drop in energy combined with a density increase. This finding is corroborated by plots of the mean square displacement ( Figure  7A ) and the oxygen-oxygen radial distribution function (RDF, Figure 7B ) at the start and end of the simulation. Diffusion comes to a halt at 1000 ps, and there clearly is increased ordering in the RDF, such that we should conclude that the system freezes after 1000 ps and within a time span of 10 ps. A visual inspection of the conformation at the end of the simulation shows that the molecules pack in hexagonal close packing with O-O distance varying between 0.28 and 0.32 nm (data not shown). As this simulation was performed at 300 K and 1 bar and the density is much too high both in liquid and crystalline state, this behavior is clearly unphysical. However it is still remarkable in the sense that freezing is notoriously difficult to simulate. Simulations of water crystallization reported to date all involved an applied external electric field 62, 63 and are difficult to reproduce. A further test simulation with the LP potential at 300 K and constant experimental density (997 g/L), starting from a homogeneous density, yielded a single vacuum bubble in the liquid, indicating that the density increased purely due to too strong intermolecular interactions. It seems likely that the phase change in the LP simulation was not detected by the original authors because of their relatively short (100 ps) liquid simulation.
Comparison with Other Models.
To establish the quality of the SW models relative to other polarizable models, we have collected some data from the literature. We have only included potentials for which liquid simulation data were available. Results for the models TIP4P-FQ, 22 Dang, 20 RER(pol), 17 PPC, 19 SPC-pol-1 and TIP4P-pol-3, 21 and MCDHO 64 have been added to Tables 5-7. 3.8.1. Liquid. First of all it should be noted that our simulations are considerably longer than those in the literature and performed with a larger system (except for MCDHO 64 ). In Table 5 we see that the SW models, the TIP4P-FQ model, 22 and the PPC model 19 are the only ones to reproduce simultaneously the energy and density of the liquid state at 300 K (note that the TIP4P-FQ and PPC models were optimized to reproduce an energy of -41.4 kJ mol -1 at 298 K). Furthermore, the diffusion constants for the SW models are higher than for the other models, which can in part be explained by the larger system size. 11 Finally, the dielectric constant is larger for the SW models than for those in the literature, but considering the system size and simulation lengths, the good correspondence with experiment for the PPC and TIP4P-pol-3 21 models is probably fortuitous. In Figure 5 it can be seen that convergence of the dielectric constant takes at least 1 ns; thus, it is possible that the TIP4P-FQ model 22 indeed does have a dielectric constant close to the experimental value.
3.8.2. Gas Phase. For the water dimer most polarizable models fail to reproduce the water dimer geometry (Table 6) , except for the SW models and the MCDHO model, 64 which was fitted on ab initio calculations of the dimer potential energy surface. For the Dang 20 and TIP4P-FQ 22 models no geometry data were published except the oxygen-oxygen distance, and in both cases the energy is too high. It should be noted that we assumed an oxygen-oxygen distance of 0.295 nm in the water dimer when optimizing the potential function, as derived by van Duijneveldt-van de Rijdt and van Duijneveldt 37 on the basis of the experimental data of Odutola and Dyke. 36 At the time of parametrizing the SW models we were unaware of a paper by Åstrand et al. 65 in which it was argued that the oxygen-oxygen distance more likely is 0.291 nm, which is now confirmed by coupled-cluster calculations of the water dimer. 66 Saint-Martin et al. 64 did use an oxygen-oxygen distance of 0.291 in optimizing their MCDHO potential, and hence, their model performs slightly better than the SW models for the water dimer.
The other polarizable models listed all have the acceptor angle too small which implies a too low dipole. In case of the water trimer (Table 7 ) the SW models are better than the other models, except maybe the SPC-pol-1 model 21 which has a slightly too high energy compared to ab initio calculations. The Dang model 20 also has good oxygen-oxygen distances, but no energy or dipole were available. It is curious that the oxygen-oxygen distance predicted by the MCDHO model 64 is virtually identical to that for the dimer whereas all the other polarizable models have clearly shorter distances. The tetramer is different again; here the SW models have too large oxygen-oxygen distance whereas the MCDHO and SPC-pol-1 both do have reasonable energy and oxygen-oxygen distance.
Discussion
It has been suggested 67 that for a good water potential it is necessary to include a feature to describe the directionality of hydrogen bonds, i.e., the tetrahedral structural of water. This feature, well-known from ice, is also apparent in the geometry of the water dimer. 36 The cluster calculations we have presented here (Tables 6 and 7) demonstrate that in our new SW models the relative orientations of molecules in the dimer as well as the trimer are in good agreement with available experimental data. 36, 37, 59 Although energy and dipole of the trimer are in good agreement with ab initio calculations, 38,60 these in turn fail to reproduce the experimental average O-O distance in the trimer, such that the validity of these results remains undetermined. The tetramers of our new SW models do not seem as compact as they should be compared to experiment. 61 All in all it seems that our SW models perform very well for small clusters, and given that the isolated molecule has perfect dipole, quadrupole, and polarizability by design, we can conclude that the gas phase is well described by our new models.
The imperfections in the average O-O distance in the tetramer also seems to impair the liquid structure of the SW models, as demonstrated by the radial distribution function (RFD, Figure 2 ). The peaks in the RDF are at too large a distance (0.29 nm), and the second and third peak are not as pronounced as they should be, at least according to the latest neutron diffraction data, 49, 50 while recent X-ray diffraction experiments 68 seem to suggest that the first maximum is even further in (at 0.273 nm). It should be noted that the interpretation of neutron diffraction experiments in terms of pair correlation functions has been questioned by Pusztai recently, 69, 70 but his interpretation of the available experimental data is controversial as well. 68 Although there is no direct experimental reference for the dipole-dipole correlation (Figure 3 ), this must also be affected by the short-range order, i.e., the distance between oxygens. One hard experimental fact indicating that the O-O distance should be considerably smaller is the O-O distance in ice I h , which is 0.275 nm. 71 In line with the suggestion of Stone mentioned above, 67 we think that a good tetrahedral geometry like we have in the SW dimer is probably a prerequisite for a good water model, but it does not automatically imply a proper liquid structure.
A number of other water models, based on either ab initio calculations 72, 73 or spectroscopy, 74 have recently been proposed. These models are much more complicated than ours, containing up to 65 parameters, and have hitherto only been tested on water clusters, and they seem to perform very well. The quality of these models for condensed phase simulation has yet to be established. A further model based on ab initio calculations 75 also yields good cluster properties; however, the energy of ice I h is 6 kJ/mol too low for this model. The MCDHO model, 64 which is discussed in the Results, has good cluster properties, but the liquid energy and density are not as good. It remains therefore unclear whether ab initio methods are accurate enough to build models for condensed phase calculations.
It is evident that the equilibrium molecular geometry in the liquid need not be the same as that in the gas phase. We find that the average HOH angle is somewhat smaller in the liquid than in the gas phase. Experimental evidence for smaller as well as larger angles is present, but the consensus seems to be that the HOH angle in the liquid is within 2°from the gas-phase value of 104.52°. 76 The geometries of the ST2, 77 SPC, 12 and SPC/E 6 models are based on a tetrahedral (109.47°) HOH angle and an OH bond length of 0.1 nm. The latter seems too long compared with our average of 0.0968 nm which in turn is in good agreement with experimental data derived from spectroscopy on ice (0.0972 nm). 78 Since our models are not perfect, in particular at short intermolecular distances (see Figure 2) , we cannot draw strong conclusions on the geometry of water in the liquid phase. The average dipole of 2.65 D for the SW models falls well within the estimates for liquid water of 2.6 D 79 to 2.9 ( 0.6 D, 80 but it is lower than the value reported by Dang for his polarizable water model under ambient conditions (2.75 D 81 ). In contrast, the average dipoles are considerably higher than that found in a density functional study of 32 water molecules in a cubic box with periodic boundary conditions 82 where a value of 2.43 ( 0.31 D was obtained.
We have investigated the influence of the anisotropy of the polarizability of water by parametrizing isotropically and anisotropically polarizable models and testing these in liquid simulations. The differences are very small, and if anything, the anisotropic models seem to be slightly better behaved than the isotropic ones, with a slightly lower diffusion constant, a slightly lower dielectric constant, and better dimer and trimer properties (Tables 5-7) . The difference between flexible and rigid models are more pronounced. The dipole distribution (Figure 4 ) is narrower, with a smaller average dipole for the rigid models. Furthermore, the diffusion constant as well as the dielectric constant are considerably lower in the rigid models and, hence, closer to experimental data. As we found before in nonpolarizable water simulations, 11 there is a simple relation between mobility and dielectric relaxation, with faster diffusion leading to higher dielectric constants. It seems that the effective polarizability of our models is slightly too low due to the Lennard-Jones interactions, leading to a water molecule that is not "sticky" enough.
In conclusion it seems that our new SW models are very good for the gas phase and satisfatory for the liquid phase; the properties of the SW models are a genuine improvement over the LP model. None of the simple polarizable models that we have reviewed in the results section and in Tables 5-7 (Dang, 20 RER(pol), 17 PPC, 19 and MCDHO 64 ) have simultaneously good dimer properties and good liquid properties such as the SW models do. Moreover, only the SW models correctly reproduce the properties of the water monomer. Further refinement of the parameters should lead to a better liquid structure and other liquid properties, without undoing the good quality of the model for the gas phase. Optimizing with a shorter oxygen-oxygen distance for the dimer will most likely lead to shorter distances in the liquid as well. Since we have optimized only two out of eight possible parameters, there certainly is room for improvement.
